Introduction
============

Studies on the etiology of the overactive bladder have traditionally focused on the detrusor muscle. Recently, the bladder mucosa has received greater attention as the source of aberrant afferent signaling. Lining the bladder is a transitional epithelium (the urothelium), which has key roles in both sensory and motor function (Birder, [@B4]). Underneath the urothelium, within the lamina propria, is a layer of suburothelial interstitial cells considered to be myofibroblasts (Sadananda et al., [@B39]). Myofibroblasts are spindle shaped branching cells, which form gap junctions with neighboring myofibroblasts, with connective tissue elements in the lamina propria (Fry et al., [@B18]) as well as with suburothelial nerves (Wu et al., [@B54]; Sui et al., [@B47]). These cells appear to form a network (Davidson and McCloskey, [@B14]) and have been postulated to have a pacemaker function, similar to interstitial cells of Cajal (ICC) in the gut (McCloskey, [@B33]). Suburothelial myofibroblasts contain nitric oxide synthase (Gillespie et al., [@B20]) and are a focus of current research since they may act as a link in the signal transduction process between urothelial stretch and afferent excitation of adjacent suburothelial nerves (Wu et al., [@B54]).

In response to stretch and other stimuli, the urothelium can release several mediators, including the signaling molecule ATP, from animal (Ferguson et al., [@B17]; Munoz et al., [@B34]) and human bladder (Kumar et al., [@B28]). ATP is essential for initiation of the normal micturition reflex (Cockayne et al., [@B12]). ATP can be released from parasympathetic nerves but is also an important and ubiquitous signaling molecule from non-neuronal sources (Burnstock, [@B9]) and acts on several different G-protein-coupled P2Y and ionotropic P2X receptors (Burnstock, [@B9]). For example, ATP stimulates purinergic P2X~3~ receptors to increase afferent nerve activity (Burnstock, [@B9]), thus eliciting sensations of bladder fullness (via low threshold nerves) and pain (via high threshold nerves; Ferguson et al., [@B17]). In women with bladder dysfunction stretch induced ATP release is increased (Kumar et al., [@B30], [@B29]; Cheng et al., [@B11]).

ATP release studies have utilized a number of different models ranging from whole bladders through to mucosal strips and urothelial cell cultures. Mucosal strips contain a number of cell types including urothelial cells and myofibroblasts. ATP release studies from bladder cells in culture have been confined to urothelial cells. Exposure of urothelial cells to hypotonic solution, which is hypothesized to mimic stretch, can elicit ATP release in cultures (Birder et al., [@B6], [@B5]). In addition to stretch, some studies have indicated that urothelial cells release ATP in response to TRPV1 agonists, capsaicin (Charrua et al., [@B10]; Sadananda et al., [@B41]), and acid (Sadananda et al., [@B40], [@B41]). It remains unclear whether other mucosal cell populations can also release ATP. Myofibroblasts have been shown to exhibit spontaneous depolarizations as well as generate currents in response to ATP (via P2Y receptors; Wu et al., [@B54]; Sui et al., [@B47]). However, the ability of myofibroblasts to release ATP has not been investigated.

Tachykinin peptides (neurokinin A and substance P) are present in human bladder afferent nerves (Smet et al., [@B45]). Tachykinin receptors have been demonstrated in bladder mucosa and detrusor (Burcher et al., [@B8]; Templeman et al., [@B51]; Sellers et al., [@B44]). In the pig mucosal strips, our group has found that activation of tachykinin NK2 receptors by neurokinin A causes contraction (Sadananda et al., [@B39]). However the role of tachykinins in ATP release has not been investigated.

Both urothelial cells and detrusor muscle cells are relatively straightforward to isolate and propagate in culture (Birder et al., [@B5]; Sun and Chai, [@B49]). AE1/AE3 is a marker for urothelial cells known to react against an antigenic determinant present on the majority of the subfamily A and B cytokeratins (Eichner et al., [@B16]; Sun et al., [@B48]), and has previously been employed in studies of the urothelium (Trifillis et al., [@B52]; Southgate et al., [@B46]). Smooth muscle actin (α-SMA) is a contractile protein present in both smooth muscle (Roholl et al., [@B38]) and myofibroblasts (Drake et al., [@B15]; Sadananda et al., [@B39]; Iwanaga et al., [@B23]; McCloskey, [@B33]). Desmin is an intermediate contractile filament that is a muscle specific protein (Gallanti et al., [@B19]; Paulin and Li, [@B36]). Another cytoskeletal contractile filament, vimentin, was also used as a marker for smooth muscle (Wood et al., [@B53]) and is commonly used to stain myofibroblasts and fibroblasts (Wu et al., [@B54]; Gillespie et al., [@B20]; Sui et al., [@B47]; Johnston et al., [@B24]; McCloskey, [@B33]). In pig bladder sections, the suburothelial layer of myofibroblasts/interstitial cells is immunoreactive for α-SMA as well as for vimentin (Sadananda et al., [@B39]).

Smooth muscle cells can undergo phenotypic changes in culture, which affects their expression of a number of markers including α-SMA and desmin (Nair et al., [@B35]) although detrusor smooth muscle cells were seen to retain their contractility in culture (Wood et al., [@B53]). A method for reliable culture of bladder myofibroblasts has not been reported. The initial aim of this study was to establish a consistent method to isolate a population of suburothelial myofibroblasts from pig bladder, separate from urothelial and detrusor muscle cells. We then examined the ability of each cell population isolated to release ATP in response to a number of stimuli including stretch, acid, capsaicin, and tachykinins. Parallel ultrastructural studies of the mucosa were also conducted to visualize the individual cell types present.

Materials and Methods {#s1}
=====================

Isolation of individual cell populations
----------------------------------------

Female pig bladders were obtained from an abattoir on ice within 2 h of sacrifice and dissected immediately into mucosa and detrusor, prior to establishing individual urothelial, myofibroblast, and detrusor muscle cultures. Not every bladder yielded material sufficient for culture of all three cell types.

Urothelial cell cultures were obtained by digestion from the luminal surface with 0.25% trypsin--EDTA for 10 min at 37°C. After digestion, the detached epithelial cells were scraped off the luminal surface using a cell scraper and the trypsin inactivated with an equal volume of RPMI 1640 (GIBCO, Australia) supplemented with 10% fetal bovine serum (FBS). Cells were separated by centrifugation at 750*g* for 5 min, then resuspended in RPMI supplemented with 10% FBS, antibiotic/antimyotic, epithelial cell growth factor (25 ng/ml). Cells were plated in 48-well plates at approximately 10^6^ cell per well and incubated at 37°C in 5% CO~2~ until confluent.

Myofibroblast cell cultures were established from mucosa that had been dissected away from the detrusor muscle. The urothelial cells were removed from the luminal surface by gently scraping with a scalpel blade. Loose connective tissue, blood vessels, and smooth muscle strands were then removed from the lamina propria using a dissecting microscope. The remaining transparent suburothelial layer (2 cm × 0.5 cm) was minced and treated with 0.25% trypsin--EDTA with 0.15% collagenase type II for 30 min at 37°C. The digested tissue was triturated with a transfer pipette 10 times, and undigested tissue pieces were removed with a cell strainer (100 μm pore size). Trypsin was inactivated with an equal volume of RPMI 1640 with 10% FBS. Cells were pelleted at 1600 *g* for 10 min, then resuspended in RPMI and plated as described above for urothelial cells.

Detrusor muscle was minced and then digested with 0.25% trypsin--EDTA and 0.15% collagenase at 37°C. After 30 min the digested tissue was triturated and undigested tissue removed using a cell strainer (100 μm pore size). Trypsin was inactivated using an equal volume of RPMI supplemented with 10% FBS. Muscle cells were isolated at 1600 *g* for 10 min, resuspended and plated as described above.

Fluorescent immunocytochemical characterization of isolated cells
-----------------------------------------------------------------

Once the individual urothelial, myofibroblasts, and muscle cell cultures became confluent (approximately 10--14 days), culture media was removed and cells washed with 0.01 M phosphate buffered saline (PBS) for 10 min. Cells were fixed with ethanol (100%) for 15 min at room temperature then washed once with PBS. Cells were incubated overnight at 4°C with the primary antibody (1:100 dilution in RPMI culture media supplemented with 10% FBS). Cells were washed with PBS (3 min × 5 min), and incubated for 1 h at room temperature with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG antibody, diluted in RPMI culture media supplemented with 10% FBS. Cells were counterstained with nuclear stain 4′,6-diamidino-2-phenylindole (DAPI) diluted in PBS for 5 min at room temperature, then washed with PBS (3 × 5 min).

Stained cells were viewed with an inverted microscope (Leica DM IRB), using filters (Em/Ex) 535/475 nm for FITC and 480/440 nm for DAPI. No immunoreactivity was observed in control slides where primary antibody was excluded. Immunoreactivity was assessed in relation to the number of cells present in the field. This was quantified in three fields and three replicates for each cell population in each pig. The results were expressed as: 0, no immunoreactivity detected; +, positive immunoreactivity in a minority of cells; ++, positive immunoreactivity in all or most cells.

Tissue preparation for electron microscopy
------------------------------------------

Tissue preparation and analysis for conventional electron microscopy was as previously described (Sandow et al., [@B43]). In brief, small segments of bladder were immersion fixed in fresh 3% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, 15 mM betaine, pH 7.4 for 20 min, and stained/postfixed in 4% osmium in the same buffer, before block staining in saturated uranyl acetate. Tissue was then embedded in Araldite 502, sectioned with a diamond knife, stained in lead citrate, and imaged on a Philips 7100 transmission electron microscope, using a digital camera at 16 megapixel resolution.

Stimulation of ATP release
--------------------------

Confluent cell cultures (10^6^ cells per well, after approximately 10--14 days) were equilibrated with sterile gassed (95% O~2~, 5% CO~2~) Krebs--Henseleit solution (composition in mM: NaCl 118, KCl 4.7, NaHCO~3~ 25, KH~2~PO~4~ 1.2, MgSO~4~ 1.2, CaCl~2~ 2.5, and [d]{.smallcaps}-glucose 11.7) for 1 h.

After the equilibration, cells were exposed to 200 μl of normal Krebs--Henseleit (control), hypotonic Krebs--Henseleit (1:2 dilution of Krebs--Henseleit in distilled water), acidic Krebs--Henseleit (pH adjusted to 6.4 with HCl), or agonist. Where appropriate, control cells were treated with vehicle (see [Materials and Methods](#s1){ref-type="sec"}). Cells were treated for 10 min before the supernatant (200 μl) was collected and used for ATP determinations. In preliminary studies, 10 min was established as the optimum incubation time.

ATP concentration in the supernatant was measured as described previously (Sadananda et al., [@B40]). An equal volume of the treatment supernatant or ATP standard solutions was mixed with the bio-luminescence assay mix and the luminescence generated was measured immediately with a luminometer (GloMax 20/20). A standard curve was created by plotting luminescence against the standard ATP concentrations (10^−6^ to 10^−10^ M). The ATP concentration in the cell supernatant of either controls or treated cells was calculated relative to the standard curve. Acid at pH 6.4 and vehicle (DMSO and peptide solution), at working concentrations, did not affect luminescence readings (data not shown).

Treatments were carried out in quadruplicate and the mean ATP concentration (in nanomolar) per treatment determined. Stretch and agonist-stimulated ATP release was not normally distributed and is presented as median (with interquartile range). Comparisons between control and treated cells or between vehicle and treated cells were carried out using Wilcoxon matched pairs test or Friedman's one way ANOVA, with Dunn's *post hoc* test as appropriate. Data are also expressed as percentage of basal release (median). The *n* value was taken as the number of pigs.

Materials
---------

Unless otherwise specified, all cell culture reagents were purchased from Invitrogen (Mount Waverley, Australia). All primary antibodies were from DakoCytomation (Campbellfield, Australia). FITC-conjugated anti-mouse IgG was from Abcam (Waterloo, Australia). Bio-luminescence ATP Assay kit, DAPI, and capsaicin was from Sigma-Aldrich (Sydney, Australia). Capsaicin was dissolved in DMSO. NKA and SP were purchased from Auspep (Tullamarine, Australia) and were dissolved in peptide solution (0.01 M acetic acid with 1% mercaptoethanol). Stock concentrations of capsaicin and tachykinins (all 10 mM) were then diluted in Krebs. All other reagents were of high analytical grade.

Results
=======

Immunocytochemical characterization of cultured urothelial, myofibroblasts, and muscle cells
--------------------------------------------------------------------------------------------

Individual populations of urothelial, myofibroblasts, and detrusor muscle cells were isolated. Urothelial cells appeared rounded with a smooth cell surface and demonstrated immunoreactivity for the cytokeratin marker AE1/AE3 (Figure [1](#F1){ref-type="fig"}A), but not for the contractile protein α-SMA (Figure [1](#F1){ref-type="fig"}B) or the cytoskeletal filament vimentin (Figure [1](#F1){ref-type="fig"}C; Table [1](#T1){ref-type="table"}).

![**Fluorescence immunocytochemistry of cultured urothelial **(A--C)**, myofibroblast **(D--F)**, and detrusor muscle **(G--I)** cells**. Cultured cells were stained with the cytokeratin marker AE1/AE3 **(A,D,G)**, the smooth muscle marker α-SMA **(B,E,H)**, and vimentin **(C,F,I)**. All panels are shown at the same magnification. Bar = 200 μm.](fphar-02-00027-g001){#F1}

###### 

**Summary of fluorescent immunocytochemical staining of urothelial, myofibroblast, and muscle cell cultures**.

  Antibody                Urothelial     Myofibroblast   Muscle
  ----------------------- -------------- --------------- --------------
  AE1/AE3                 ++ (*n* = 6)   0/+ (*n* = 6)   0 (*n* = 6)
  α-smooth muscle actin   0 (*n* = 6)    \+ (*n* = 6)    ++ (*n* = 6)
  Vimentin                0 (*n* = 6)    ++ (*n* = 6)    ++ (*n* = 6)
  Desmin                  0 (*n* = 4)    0 (*n* = 4)     \+ (*n* = 4)

*0, no immunoreactivity detected; +, positive immunoreactivity in a minority of cells; ++, positive immunoreactivity in all or most cells*.

Myofibroblast cultures displayed minimal immunoreactivity for AE1/AE3 (Figure [1](#F1){ref-type="fig"}D; Table [1](#T1){ref-type="table"}). Occasional cells in the myofibroblast cultures stained positively for AE1/AE3 and showed urothelial cell type morphology. A minority of cells in the myofibroblast cultures were positive to α-SMA (Figure [1](#F1){ref-type="fig"}E; Table [1](#T1){ref-type="table"}). However, all cells in the myofibroblast cultures showed strong immunoreactivity for vimentin (Figure [1](#F1){ref-type="fig"}F).

Muscle cell cultures showed no immunoreactivity for AE1/AE3 (Figure [1](#F1){ref-type="fig"}G), but showed strong (100%) immunoreactivity for α-SMA (Figure [1](#F1){ref-type="fig"}H) and vimentin (Figure [1](#F1){ref-type="fig"}I). Immunoreactivity to α-SMA was present in all muscle cells in culture, but only partially in myofibroblast cells (Table [1](#T1){ref-type="table"}). Myofibroblast and muscle cell cultures also differed morphologically. Myofibroblasts tended to be spreading with numerous long processes (Figure [2](#F2){ref-type="fig"}A); at confluence, these long cell processes gave the cultures a complex overlapping appearance (Figure [1](#F1){ref-type="fig"}F). In contrast, muscle cells appeared as elongated bipolar cells (Figure [2](#F2){ref-type="fig"}B). A minority of muscle cells was weakly immunoreactive for desmin (Figure [2](#F2){ref-type="fig"}C), but urothelial and myofibroblast cultures were completely negative for desmin (Table [1](#T1){ref-type="table"}).

![**High power fluorescence immunocytochemistry of cultured myofibroblast **(A)** and detrusor muscle **(B,C)** cells**. Note the difference in morphology between myofibroblast **(A)** and muscle **(B)** cells, both stained with vimentin. In **(C)**, muscle cells were double stained with desmin and DAPI. Note that only a minority of muscle cells was weakly immunopositive for desmin. Desmin did not stain urothelial and myofibroblast cultures (not shown). All panels are shown at the same magnification. Bar = 100 μm.](fphar-02-00027-g002){#F2}

Ultrastructural observations
----------------------------

Transverse sections of pig bladder mucosa were examined ultrastructurally to clarify the observations in culture in comparison with those from intact tissue. Several layers of urothelial cells, with characteristic large nuclei, constituted an approximate 20 μm depth of the porcine bladder wall (Figure [3](#F3){ref-type="fig"}A). Directly beneath the urothelium there was a dense network (approximately 20 μm in width) of collagen fibers that contained thin, elongated myofibroblasts and small diameter blood vessels (Figure [3](#F3){ref-type="fig"}A); larger blood vessels were found deeper in the lamina propria (Figure [3](#F3){ref-type="fig"}A). Myofibroblasts were found scattered throughout the lamina propria with those located deeper appearing less numerous, shorter and thicker (with increased cell depth) than the suburothelial myofibroblasts. Myofibroblasts had abundant rough endoplasmic reticulum (Figures [3](#F3){ref-type="fig"}B,C). Occasional nerve bundles were present in the vicinity of myofibroblasts.

![**Ultrastructure of pig urinary bladder mucosa**. **(A)** Low power photomontage showing urothelium (top, U) with lamina propria (LP) underneath. Myofibroblasts are distributed extensively underneath the urothelium and are found diffusely throughout the entire lamina propria. **(B)** Higher power photomicrograph of myofibroblast with **(C)**, inset, enlargement of rough endoplasmic reticulum. bv, blood vessel; c, collagen; mf, myofibroblast; nb, nerve bundle; nu, nucleus of myofibroblast; ri, ribosomes; ucn, urothelial cell nucleus.](fphar-02-00027-g003){#F3}

ATP release from cultured urothelial, myofibroblast, and muscle cells
---------------------------------------------------------------------

Basal ATP release from urothelial and myofibroblast cultures was similar \[median (IQR) values 13.7 (7.9--20.9) and 12.2 (7.4--21.2) nM, respectively; *n* = 16--18\]. Basal ATP release from detrusor muscle cultures \[6.6 (3.0--11) nM; *n* = 9\], was significantly less (*P* \< 0.0001, Kruskal--Wallis test). The diluted vehicle solutions alone (DMSO and peptide solution) had no significant effect on ATP release from urothelial and myofibroblast cells (*n* = 16--19, data not shown). However, the diluted peptide solution significantly increased ATP release from detrusor muscle cells \[from median (IQR) 4.6 (2.6--6.2) to 6.1 (4.2--10.2) nM; *n* = 20; *P* = 0.0016\].

Incubation in hypotonic Krebs--Henseleit solution triggered significant ATP release from urothelial, myofibroblast, and detrusor muscle cultures (Figures [4](#F4){ref-type="fig"}A--C) compared to paired cultures treated with Krebs--Henseleit solution. This increased ATP release represented (median) 206% for urothelial cells, 238% for myofibroblasts, and 224% for smooth muscle cells, compared with basal (100%). Acid at pH 6.4 elicited a small but significant increase in ATP release (to 121% of basal) from urothelial cells (Figure [4](#F4){ref-type="fig"}D) but not from myofibroblast (Figure [4](#F4){ref-type="fig"}E) or muscle cultures (Figure [4](#F4){ref-type="fig"}F). Capsaicin (1 μM, in DMSO) was ineffective in urothelial (Figure [5](#F5){ref-type="fig"}A) or myofibroblast cultures (Figure [5](#F5){ref-type="fig"}B) but did significantly increase ATP release (to 121% of vehicle DMSO) from muscle cultures (Figure [5](#F5){ref-type="fig"}C). Neurokinin A and substance P (1 μM, in peptide solution) were unable to elicit ATP release from any of the three different cell cultures (Figures [5](#F5){ref-type="fig"}D--F).

![**ATP release from cultured urothelial **(A,D)**, myofibroblast **(B,E)** and detrusor cells **(C,F)****. Hypotonic Krebs--Henseleit solution **(A--C)** significantly stimulated ATP release from urothelial \[**(A)**, *P* = 0.0002, *n* = 18, Wilcoxon matched pairs test\], myofibroblasts \[**(B)**, *P* = 0.001, *n* = 14, Wilcoxon\] and detrusor \[**(C)**, *P* \< 0.0001, *n* = 25, Wilcoxon\] cultures. Incubation in acidic Krebs--Henseleit solution (pH 6.4) significantly induced ATP release from urothelial cells \[**(D)**, *P* = 0.0002, *n* = 23, Wilcoxon\], but had no effect on myofibroblasts \[**(E)**, *P* = 0.42, *n* = 24, Wilcoxon\] or smooth muscle cultures \[**(F)**, *P* = 0.20, *n* = 23, Wilcoxon\].](fphar-02-00027-g004){#F4}

![**Effect of capsaicin and tachykinins on ATP release from urothelial **(A,D)**, myofibroblast **(B,E)**, and muscle **(C,F)** cultures**. Capsaicin (1 μM in DMSO) had no effect on ATP release from urothelial \[**(A)**, *P* = 0.22, *n* = 16, Wilcoxon\] or myofibroblast \[**(B)**, *P* = 0.31, *n* = 18, Wilcoxon\] cultures, but was an effective stimulus in muscle cultures \[**(C)**, *P* = 0.0005, *n* = 25, Wilcoxon\]. Neurokinin A and substance P (both 1 μM, in peptide solution) had no effect on urothelial \[**(D)**, *P* = 0.44, *n* = 16, Friedman's test\], myofibroblast \[**(E)**, *P* = 0.08, *n* = 19, Friedman's\], or detrusor \[**(F)**, *n* = 20\] cultures.](fphar-02-00027-g005){#F5}

Discussion
==========

Normal human bladder is not readily available in clinical practice, and thus we have used porcine bladders, which are a recognized model for the human bladder (Hashitani and Brading, [@B21]; Templeman et al., [@B51]; Kumar et al., [@B28]; Akino et al., [@B1]; Sadananda et al., [@B39]; Hernández et al., [@B22]). Here, we report a method for the primary culture of individual populations of myofibroblasts as well as urothelial and detrusor muscle cells from pig bladder, and we used these to quantify the release of ATP by various stimuli. A key question is whether the "myofibroblast cell cultures" were in fact myofibroblasts, rather than urothelial or muscle cells. We concluded that the three different culture types were quite distinct with respect to morphology, immunostaining, basal ATP release, and ATP released in response to stimuli, as discussed below.

In culture, urothelial cells have previously been characterized by their staining with cytokeratins (Sun et al., [@B50]; Birder et al., [@B6]; Sun and Chai, [@B49]), and we verified that our urothelial cultures showed the expected immunoreactivity to cytokeratins. Morphologically, the urothelial cells had a characteristic epithelial cobblestone-like appearance. In contrast, the branching processes of the myofibroblast cells gave these cultures a web-like appearance, similar to that described for myofibroblasts previously (Davidson and McCloskey, [@B14]). Thus, our putative myofibroblast cultures could be distinguished from the urothelial cultures not only by their morphology but also by the myofibroblasts' virtual absence of immunoreactivity for cytokeratins. Those few cells in the myofibroblast cultures that did stain for cytokeratins are likely to be urothelial cells.

In contrast to the urothelial cell cultures, the myofibroblast cultures showed strong and consistent immunoreactivity for vimentin, a marker commonly used for myofibroblasts/suburothelial cells (Wu et al., [@B54]; Gillespie et al., [@B20]; Sui et al., [@B47]; Johnston et al., [@B24]). However, vimentin also stains some other cell types such as our muscle cultures. Thus, vimentin immunoreactivity alone is ineffective as a marker to differentiate porcine myofibroblast from detrusor muscle cells. Nevertheless, the branching morphology of myofibroblast cultures was quite different from the narrow, unidirectional appearance of the smooth muscle cultures, which was obvious when comparing their appearance in cultures immunostained with vimentin. Previous authors have used α-SMA as a marker for myofibroblasts in tissue sections (Drake et al., [@B15]; Sadananda et al., [@B39]; McCloskey, [@B33]) and cultured cells (Iwanaga et al., [@B23]). Although our porcine myofibroblast cultures demonstrated some immunoreactivity for α-SMA, this marker showed stronger immunostaining in detrusor muscle cultures than in myofibroblast cultures. Based solely on the α-SMA results, we cannot exclude the possibility that the myofibroblast cultures contained some smooth muscle cells. In addition, some cells in our muscle cultures, but not myofibroblast cultures, demonstrated positive immunoreactivity to desmin (Paulin and Li, [@B36]; Iwanaga et al., [@B23]). Not all cells in the muscle cultures were desmin-immunoreactive, although this is to be expected as expression of desmin is lost with culture (Nair et al., [@B35]).

As well as immunocytochemical differences, muscle and myofibroblast cultures were distinguished on the basis of their ability to release ATP. Myofibroblast cultures showed significantly higher basal ATP release when compared with muscle cultures. In fact, the pure detrusor muscle cultures displayed 50% less basal release of ATP. This supports the original publication by Ferguson showing that the source of ATP release in the bladder was the mucosa not detrusor (Ferguson et al., [@B17]). In addition, the vehicle solution had no effect upon myofibroblast release of ATP, but this solution significantly increased release in the muscle. Furthermore, detrusor muscle but not myofibroblast cultures released ATP in response to capsaicin.

In addition to vimentin and α-SMA, suburothelial interstitial cells in guinea-pig and human bladders are commonly identified using c-kit staining (Davidson and McCloskey, [@B14]; Johnston et al., [@B24]; McCloskey, [@B33]). The previous work of our group found that c-kit failed to demonstrate immunoreactivity in suburothelial myofibroblasts in pig bladder sections (Sadananda et al., [@B39]), possibly due to a lack of antibody specificity in the pig. Therefore, currently available antibodies for c-kit are not suitable for identification of interstitial cells in pigs. It is worthwhile to consider whether myofibroblasts in the bladder should be functionally different from the c-kit staining gastrointestinal ICC. The ICCs generate spontaneous potentials responsible for the rhythmic contraction of the gut, whereas the bladder is quiescent in the filling phase of the cycle (Hashitani and Brading, [@B21]). Our ultrastructural studies showed a dense layer of myofibroblasts underneath the urothelium and support the conclusion that our cells cultured from below the urothelium are likely to be myofibroblasts. Ultrastructurally, these elongated suburothelial cells were morphologically similar to the deep myofibroblasts of human detrusor (Rasmussen et al., [@B37]), in that they have prominent rough endoplasmic reticulum and elongated processes.

Hypotonic media, a commonly used stretch stimulus for urothelial cell culture studies (Birder et al., [@B6], [@B5]), was able to stimulate ATP release from all three cell populations. Urothelial and myofibroblast cultures had much higher stretch-evoked ATP release compared with the muscle cultures. In porcine bladder, myofibroblasts are closely associated with peptide containing nerve terminals (Sandow et al., [@B42]), and the ATP released from myofibroblasts may therefore be involved with activation of sensory afferent nerves. It was notable that hypotonic media (stretch) was the only stimulus to elicit ATP release from myofibroblasts. Myofibroblasts are known to express ATP-sensitive P2Y receptors (Wu et al., [@B54]; Sui et al., [@B47]) and P2X~3~ receptors (Liu et al., [@B32]) and could be a target for ATP released from the urothelium or elsewhere. They may also have a mechanosensory role in their own right. This role of ATP in sensory pathways is strengthened by our recent finding in overactive bladder patients, showing that the concentration of ATP released into voided urodynamic fluid correlates with the measures of "first desire to void" and "maximal cystometric capacity" but not with the parameter of detrusor pressure (Cheng et al., [@B11]).

Acid was able to stimulate ATP release from only one cell type, the urothelial cells, perhaps via activation of acid-sensitive ion channels (ASIC; Kobayashi et al., [@B26]; Kullmann et al., [@B27]; Corrow et al., [@B13]). We have previously reported that acid is a stimulus for ATP release in rat and pig mucosal strips (Sadananda et al., [@B40],[@B41]). These porcine strips contained urothelial and myofibroblast cells (as well as other cell types) exposed to the acidic bath fluid, and we were unable to determine conclusively which cell type was responsible for the acid induced ATP release. In the current study, we have demonstrated that acid (pH 6.4) was only able to stimulate ATP release from urothelial cells, and not from myofibroblast or muscle cells. This makes sense, since *in vivo*, the acidic stimulus in bladder would originate from the urine, which is in contact with the urothelial cells but not with the myofibroblasts or detrusor muscle cells.

Some anomalous results were obtained with the TRPV1 agonist, capsaicin. Capsaicin elicited ATP release in earlier studies with cultured rat urothelial cells (Birder et al., [@B6]), but it was ineffective in eliciting ATP release in our porcine urothelial or myofibroblast cultures. This may be due to species differences or due to a loss of TRPV1 receptor expression with culture. We have previously reported a 40-fold increase in release of ATP in response to capsaicin stimulation in rat bladder mucosal strips (Sadananda et al., [@B41]) although capsaicin was surprisingly ineffective in porcine bladder mucosal strips (Sadananda et al., [@B40]). It is also notable that capsaicin had no effect in eliciting contractile responses in pig detrusor or mucosal strips (Sadananda et al., [@B40]), although TRPV1 mRNA is expressed in both mucosa (urothelial cells and lamina propria) and detrusor layers in fresh pig bladder tissue (Kao et al., [@B25]). However, in our current study, capsaicin induced ATP release from porcine detrusor muscle cells, but not from urothelial or myofibroblast cells. This suggests that even if TRPV1 expression is maintained in culture, TRPV1 signaling pathways may be different in myofibroblasts and/or urothelial cells compared with detrusor muscle cells. Indeed, differences have been reported in TRPV1 functionality between urothelial and afferent-fiber TRPV1 (Birder et al., [@B3]; Avelino and Cruz, [@B2]). For example, unlike neuronal TRPV1, urothelial TRPV1 does not desensitize (Birder et al., [@B3]).

The tachykinins neurokinin A and substance P have long been postulated to have a role in bladder sensation and are thought to be important for processing information about bladder fullness, distension, and pain (Lecci and Maggi, [@B31]). In addition, the tachykinins have motor actions in the bladder (Templeman et al., [@B51]; Sellers et al., [@B44]) and NKA was able to contract porcine mucosal strips, as shown previously (Sadananda et al., [@B39]). However, neither neurokinin A nor substance P was able to stimulate ATP release from porcine bladder urothelial, myofibroblast, or muscle cell cultures. This result seems at variance with parallel studies from our group (Burcher et al., [@B7]), where NKA significantly increased ATP release from pig mucosal strips although the cell type involved was not identified. It is possible that one or more cell types could have changed phenotypically in culture, with downregulation of tachykinin receptors, making the cultured cells unresponsive to this stimulus.

In conclusion, we have isolated myofibroblast cells as a unique cell population, as evidenced by their differences from urothelial and detrusor muscle cells, with respect to morphology, immunostaining, and ATP release. All three types of cell culture released ATP in response to hypotonic media, demonstrating further the important role of ATP in mechanotransduction in normal bladder functioning. In addition, acid was able to stimulate ATP release from urothelial cells, the only cell type normally exposed to (acidic) urine. Finally, capsaicin stimulated ATP release from muscle cells, but the tachykinins, NKA, and SP, were unable to elicit ATP release from any of three bladder cell populations. Established cultures of myofibroblasts may facilitate further investigation of the physiological functions of this poorly studied but important cell layer.
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